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RESPONSES OF THREE CORAL COMMUNITIES TO THE 1997–98
EL NIÑO–SOUTHERN OSCILLATION: GALÁPAGOS ISLANDS,
ECUADOR
Joshua S. Feingold
ABSTRACT
One deep (13–15 m depth) and two shallow water (1.5 and 7 m) coral communities in
the Galápagos Islands, Ecuador were monitored for tissue response (bleaching, paling,
morbidity) and secondary responses during and after elevated temperature stress associated with the 1997–98 El Niño–Southern Oscillation (ENSO) event. Between March and
May 1998, the fungiid coral Diaseris distorta paled and bleached (up to 88.0% of all
individuals bleached) at 13–15 m depth. The small branching colonial coral, Psammocora
stellata, paled (79.2% of all colonies) with very little bleaching (11.1%), also at 13–15 m
depth. However, by May 1998 colonies of this species in shallower water (7 m depth)
suffered high mean mortality (72.4% of colony area, 85.1% decrease in numbers of live
colonies). In March 1998, colonies of Pavona clavus, a massive coral species, were 100%
bleached at 1.5 m depth and experienced subsequent partial mortality averaging 34.0%
per colony. Both Diaseris and Psammocora in deeper water (13–15 m depth) recovered
pigment by June 1999. Numbers of Diaseris individuals within permanent transect plots
decreased 56.1% from March 1998 through August 2000, but this loss was most likely
due to coral displacement by currents and surge rather than temperature-induced mortality. Numbers of Psammocora colonies in deep water did not change appreciably during
the survey period (-16.1%). In contrast, surviving shallower water (7 m depth)
Psammocora recovered pigment by June 1999, but numbers of live colonies remained
low through August 2000 (-83.3% compared to March 1998). Initial recovery of pigmented tissue was evident in Pavona by June 1999, but a decline in live tissue again
occurred by August 2000. Sea water temperature at the deeper site reached 28–30∞C, but
periods of semi-diurnal cooling may have mitigated the bleaching response. Highest temperatures occurred in shallower water (7 m), where Psammocora experienced high mortality and periodic subsurface cooling was suppressed. These data cannot be compared
with those from the 1982–83 ENSO because of the lack of quantitative data from the
earlier event. However, these observations provide a framework of comparison with other
ENSO-affected eastern Paciﬁc coral communities and reefs during the 1997–98 event.

The very strong 1982–83 El Niño–Southern Oscillation (ENSO) event caused extensive mortality to corals in the Galápagos Islands, Ecuador (Robinson, 1985; Glynn, 1990a).
Bioeroders, primarily Eucidaris galapagensis Döderlein [=Eucidaris thouarsi
(Valenciennes)], subsequently assaulted surviving coral populations, particularly framework species such as Pocillopora elegans Dana and Pavona clavus (Dana), reducing
coral reef framework and most large colonies to rubble (Glynn, 1988, 1994; Reaka-Kudla
et al., 1996). In shallow communities (0–8 m depth), coral mortality was close to 100%
(Glynn et al., 1988), however, corals from deeper water (10–18 m) bleached, but largely
survived (Robinson, 1985).
The 1982–83 ENSO event was perhaps the strongest of this century (Kerr, 1983). Since
then, moderate (1987–88) and weak/moderate (1992–93) ENSOs have occurred. Surviving coral populations were disturbed by another very strong ENSO in 1997–98 that some
regard as even stronger than the 1982–83 event (McPhaden, 1999; Enﬁeld, this issue).
Although large positive sea surface temperature (SST) anomalies lasted longer in 1997–
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98 compared with 1982–83, peak anomalies coincided with the cool season, somewhat
mitigating impacts to corals (Podestá and Glynn, this issue). Widespread bleaching was
reported in the Galápagos Islands starting as early as December 1997 (G. M. Wellington
and G. Merlen, pers. comm.) and lasted until July 1998.
Throughout tropical oceans, widespread coral reef bleaching and mortality were reported by researchers during the past two decades (Williams and Bunkley-Williams, 1990;
Glynn, 1996; Hoegh-Guldberg, 1999; Wilkinson, 2000). These disturbances were associated with increased solar irradiance, sedimentation, fresh water runoff, low sea level, and
other stressors. However, elevated water temperature is the most signiﬁcant physical factor invoked in impacts to reef organisms, including eastern Paciﬁc coral bleaching associated with ENSO events (Glynn, 1990a).
The responses of three Galápagos coral communities to the 1997–98 ENSO will be the
focus of this paper. They occur on three different sites and now represent some of the few
remaining coral communities in the Galápagos Islands with relatively high coral densities. These communities are divided between shallow and deep locations, thus enabling a
comparison of ENSO responses and recovery at different depths. Coral condition, in
terms of tissue coloration and morbidity, were quantitatively and qualitatively assessed
during and following the 1997–98 ENSO anomalies. Patterns of bleaching and recovery
are related to temperature differences among habitats and interspeciﬁc differences in response to elevated temperatures.
The wave-resistant structures known as coral reefs, that actively accumulate carbonate
while growing towards the sea surface, no longer exist in the Galápagos Archipelago
(Glynn, 1990a; Reaka-Kudla, et al., 1996). Even before their loss, Galápagos reefs were
never well developed due to environmental conditions inimical to robust coral growth
and recurrent ENSO impacts (Colgan, 1990). The coral communities described herein
are composed either of free-living (unattached) corals that often accumulate carbonate as
a low-relief, unconsolidated biostrome [Diaseris distorta (Michelin) and Psammocora
stellata (Verrill) at Devil’s Crown; P. stellata at Punta Espejo], or of a typical reef-building coral that is physically constrained from forming a reef by shallow water (1.5 m) and
bioerosion (P. clavus at Academy Bay) (Fig. 1).
In the Galápagos Archipelago, the biostrome at Devil’s Crown forms an important
benthic habitat that supports a variety of small invertebrates and ﬁshes that do not occur
on adjacent sandy substrates (Feingold, 1995, 1996). Therefore, ENSO events that affect these particular coral species can indirectly affect other benthic sessile and vagile
species.
Most ﬁeld observations (Brown and Suharsono, 1990; Glynn, 1990a; Chadwick-Furman,
1996; Glynn et al., this issue) and experimental studies (Coles et al., 1976; Glynn and
D’Croz, 1990; Maté, 1997) of elevated temperature effects on corals have focused on the
major reef-building species. However, most framework-building species, such as
Pocillopora spp., P. clavus, Pavona gigantea Verrill and Porites lobata Dana, now occur
as widely scattered colonies, thus shifting attention to abundant but different species assemblages such as those in this study. Also, by focusing on two of these sites (Devil’s
Crown and Punta Espejo), the effects of ENSO sea warming on P. stellata from shallow
and deeper environments could be compared. The responses of other important reefbuilding species are presented by Glynn et al. (this issue).
The nearshore community at Academy Bay, composed nearly exclusively of abundant
P. clavus colonies, is in unusually shallow water (1.5 m). This population allowed for a
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response comparison of a massive species, previously common within the archipelago,
and the non reef-building coral survivors of the 1982–83 ENSO. Due to its proximity to
the marine laboratory at the Charles Darwin Research Station, it was a site that could be
monitored with greater frequency than the sites at Devil’s Crown and Punta Espejo.
As metazoans capable of living 20 or more years (Feingold 1995), corals that survived
elevated sea temperatures during ENSO 1982–83 (or their recruits) were likely still present
in reef assemblages in 1997–98. If 1982–83 survivors were better adapted to elevated
temperature conditions than corals that succumbed, it is hypothesized that coral mortality
due to ENSO (1997-98) would be less than if 1982–83 individuals were still present.
Nevertheless, different responses are expected from the three species under study due to
interspeciﬁc thermal tolerance differences (Feingold, 1995; Maté, 1997; Hueerkamp et
al., this issue).
MATERIALS AND METHODS
STUDY SITES.—Three sites in the Galápagos Islands were investigated, namely Devil’s Crown,
(Floreana Island), Punta Espejo (Marchena Island), and Academy Bay (Santa Cruz Island) (Fig.
1A,B,C, respectively). These represent locales in the south and central parts of the archipelago, and
varying depths relative to mean sea level (MSL), ranging from 1.5 m at Academy Bay to 7 m at
Punta Espejo and 13–15 m at Devil’s Crown.
The dates of surveys are as follows: Devil’s Crown, 4 Mar and 13 May 1998, 12 Jun 1999, 12
Aug 2000; Punta Espejo, 6 Mar and 18 May 1998, 14 Jun 1999, 16 Aug 2000; Academy Bay, 11
Mar, 10 and 24 May, 17 Jun, 6 July, 9 Aug 1998, 5 Jun 1999, 10 Aug 2000.
Study site locations were initially determined with a Garmin GPS 38 hand-held Global Positioning System receiver. Latitude and longitude were obtained while on station at the surface above
each site in March 1998, and then reconﬁrmed and updated in August 2000 with a Garmin GPS 12
hand-held receiver (after selective availability was turned off of the GPS satellite system).
SITE DESCRIPTIONS.—Devil’s Crown.—Three species of free-living (unattached) corals are located approximately 100 m east of the emergent basalt rim of the submerged volcano known as
Devil’s Crown (also Corona del Diablo or Onslow Island) (Fig. 1A). These corals, at 13–15 m
depth, form a 2–3 m thick biostrome covered with high densities of living coral (cover ranges from
15–80%) that extends over an area approximately 100 m long and up to 30 m wide. The predominant species are the colonial, branching coral P. stellata and the solitary fungiid D. distorta as well
as a small population (~200-300 individuals) of another fungiid, Cycloseris curvata (Hoeksema).
D. distorta was reported as Cycloseris mexicana by Glynn and Wellington (1983) and Robinson
(1985), and C. curvata was previously referred to Cycloseris elegans by Glynn and Wellington
(1983). Currents ﬂow from the east, and increase in speed up to 39 cm s-1 (0.75 kt) primarily at low
tide. At high tide, the velocity typically decreases to near zero (Glynn and Wellington, 1983; Feingold,
1995). Currents often differ in intensity between the surface and bottom. The shoaling of the mixed
layer during high tide results in deeper, cooler water ﬂushing over the coral community. Water
temperatures ﬂuctuate more dramatically here than at shallower sites (Feingold, 1995, 1996). In
deeper water (at least 33 m), two surveys were performed on an adjacent monospeciﬁc Diaseris
community. These Diaseris reside on ﬁne grain sands and extend up to 2 km east and southeast of
the primary study population.
Punta Espejo.—One of the most diverse coral assemblages in the Galápagos Archipelago occurs
on the southeast shelf of Marchena Island, at Punta Espejo (Fig. 1B). This site is exposed to seas
and wave assault from the southeastern quadrant, resulting in turbulence and localized swift currents. Irregular, low-relief (<1.5 m) basalt ridges at 7 m depth provide hard substrata for corals,
including P. elegans, P. lobata, P. clavus, P. gigantea, and P. stellata (see Glynn et al., this issue).
Adjacent to these ridges is a ﬂat plain of carbonate and basalt rubble that was populated by dense
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Figure 1. Study sites in the Galápagos Archipelago at (A) Devil’s Crown, Floreana Island (S
01∞13.026', W 090∞25.306'), (B) Punta Espejo, Marchena Island (N 00∞18.730', W 090∞24.100')
and (C) Academy Bay, Santa Cruz Island (S 00∞44.581', W 090∞18.395').
aggregations of free-living P. stellata prior to ENSO 1997–98, and is still populated by numerous
dispersed colonies of P. lobata. Psammocora colonies were surveyed on rubble substrata along the
deeper margin of one of these basaltic ridges.
Academy Bay.—Approximately 85 colonies of P. clavus inhabit the shallow (1.5 m depth)
nearshore waters of the boat channel leading to the Charles Darwin Research Station in Academy
Bay (Fig. 1C). The bottom is composed of basalt and carbonate rubble, and extends over a 25 ¥ 25
m area (625m2). Strong (>100 cm s-1) semi-diurnal tidal currents ﬂush this site. A very shallow
(emergent at low tide) basalt ridge forms a semi-enclosed lagoon and protects the community from
most wave assault, but the community is subject to surge at high tide.
SEA WATER TEMPERATURE.—Sea water temperature was recorded with in situ, submersible temperature loggers at Devil’s Crown and Punta Espejo. At Devil’s Crown, temperatures were recorded outside the emergent basalt rim at 15 m depth and at 2 m within its semi-enclosed basin
(approximately 100 m from the study site). Temperature data from this shallow site are presented to
allow comparisons with other data sets in this issue. At Punta Espejo, temperature loggers were
deployed at 7 m depth. Three types of loggers were used: Onset Computer Stowaway and Optic

FEINGOLD: GALÁPAGOS DEEP/SHALLOW CORAL RESPONSES

65

Table 1. Summary of methods utilized in assessing coral responses in three different habitats to
ENSO-related sea warming.
Location Water # Sample Sampling method
depth
dates
(m) (Mar '98-Aug '00)
Devil's
14
4
16 point-counts in 90
Crown
0.5 ¥ 0.5 m quadrats

Punta
Espejo

7

4

Academy
Bay

1.5

8

Species
sampled

Bleaching
categories

Mortality
categories

Bleached
Pale
Pigmented
16 point-counts in 90 Psammocora Bleached
0.5 ¥ 0.5 m quadrats stellata
Pale
Pigmented
0.25 ¥ 0.25 m quadrats Psammocora Bleached
n = 59-168
stellata
Pigmented
with %
affected
Census of 30-40
Pavona clavus Bleached
colonies
Pigmented
with %
affected

Not
quantified

Diaseris
distorta

Not
quantified
% partial
mortality
% partial
mortality

Stowaway models (±0.2∞ C), and a Ryan Temp Mentor (±0.1∞ C). All units were calibrated with an
NIST-traceable, precision mercury thermometer. Loggers were deployed for up to 14 mo intervals,
and recorded temperature every 2 h. Unfortunately, ﬂooding, battery failure and loss resulted in
missing data at two locations.
BENTHIC SURVEY TECHNIQUES.—Benthic surveys of the three coral communities were performed
on at least four occasions over a 29 mo period from March 1998 through August 2000. All sites
were surveyed during the early and peak stages of coral bleaching in March and May 1998. Each
site was initially surveyed close to peak ENSO-associated seawater warming and again just after
temperatures began to fall. Subsequent surveys were performed approximately 1 and 2 yrs after the
1997–98 ENSO event, in June 1999 and August 2000, allowing for monitoring of recovery and/or
secondary mortality. The Devil’s Crown and Academy Bay study sites have been monitored annually since 1989 with quantitative surveys commencing in 1992. The study site at Punta Espejo has
been surveyed annually since 1994 but Psammocora populations were ﬁrst quantitatively measured in 1998. The Academy Bay site’s proximity to the Charles Darwin Research Station allowed
surveys on additional dates in May, June, July and August 1998 by BioMar (marine laboratory)
personnel.
Speciﬁc survey techniques were utilized at each site to accommodate varying population densities, bottom topography, and colony morphology (Table 1). Coral numbers and/or condition assessment was performed during each survey. Condition assessment methodology is noted in the following section.
The dense aggregation of Psammocora and Diaseris at Devil’s Crown was surveyed on each
date by performing thirty (30) random-walk quadrats using scuba in each of three locations within
the community. The presence/absence and condition of coral was determined for 16 points within
each 0.5 m ¥ 0.5 m quadrat. In each of the three locations, the same starting point was used for
these surveys and was marked by an iron rod hammered into the bottom. Direction (N, E, S or W)
and number of ﬂips (1, 2, 3 or 4) were determined using randomly generated numbers. The monospeciﬁc Diaseris community in deeper water was surveyed qualitatively during two dives (13 and
15 May 1998). A swimming transect was performed from 25 or 33 m depths towards the shallows
at Devil’s Crown.
At Punta Espejo, the number and condition of all Psammocora colonies within 0.25 ¥ 0.25 m
quadrats was determined on each survey date. Quadrats were placed along two 25 m transects
connecting three permanent iron rods. The number of quadrats that could be counted varied depending on the density of corals and allowance of time.
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A total of 30–40 haphazardly selected P. clavus colonies were assessed for coral condition in
Academy Bay on eight survey dates. This resulted in the sampling of approximately half of the
colonies present at the site, so care was taken not to repetitively count colonies on any single date.
The sizes of Diaseris individuals and Psammocora colonies used in age determinations were
both directly measured in situ and determined with reference to photographic images with included
scales or with known ﬁeld of view dimensions.
CORAL CONDITION ASSESSMENT.—Coral condition was assessed using techniques appropriate for
each species (see Table 1). Diaseris individuals were assessed as bleached, pale or normally pigmented according to pigmentation characteristics of only the oral surface. Normally ‘pigmented’
described a greenish-brown hue, even if some of the septal ridges were pale or white. Unless the
polyp was completely devoid of pigmented tissue (bleached), it was scored as pale.
A dead category was not included for Diaseris or Psammocora because it was impossible in the
ﬁeld to determine whether skeletons were recently killed. Algae and encrusting organisms rapidly
covered dead colonies making it difﬁcult to determine if they recently died. Also, feeding activities
of benthic ﬁshes such as stingrays excavated long-dead fresh-appearing skeletons, confounding
interpretation.
Psammocora colony condition was assessed at Devil’s Crown and at Punta Espejo in different
ways. At Devil’s Crown, coral condition was assessed as one of three categories; ‘bleached’, ‘pale’
or ‘normally pigmented’. Colonies were often entirely bleached or entirely pale. Occasionally,
however, only colony portions bleached (branch tips or exposed branches) with paling on protected
or shaded areas or small portions of branch bases were entirely denuded. To avoid interpretation
problems, one score was given for the entire colony. Thus, if branch pigmentation was in the normal range with small dead portions at the base, the colony was scored as ‘normally pigmented’.
Lower densities of Psammocora at Punta Espejo allowed the discrimination of a recently ‘dead’
category, in addition to ‘bleached’ and ‘pigmented’, since older skeletons were eroded. ‘Pigmented’
included pale and normal tissue, since there was more difﬁculty discriminating between these two
at this site. Frequently, colonies would display more than one response category. Therefore, each
colony was estimated to the nearest 10% per category (e.g., 10% pigmented; 90% dead).
The percentage of each P. clavus colony at Academy Bay was also tallied to the nearest 10% for
each response category: ‘pigmented’, ‘bleached’, or ‘dead’. ‘Pigmented’ Pavona colonies had obvious pigment present, ‘bleached’ colonies were stark white and ‘dead’ portions of colonies lacked
tissue, nearly always overgrown by ﬁlamentous algae and turf. For all observations, careful visual
inspection ensured that recently dead colonies were not confused with bleached ones. Since secondary mortality of Pavona was observed in Academy Bay after sea warming ceased, the decrease
in the average amount of pigmented tissue was compared between the August 1998 and August
2000 dates. An F-test was initially performed, but due to heteroscedasticity, a t-test for samples
with unequal variance (t'-test) was then employed using Microsoft Excel 97 SR-1 analysis tool
pack.

RESULTS
SEA WATER TEMPERATURE.—Continuous temperature data revealed that sea water temperatures at the Devil’s Crown (15 m) were warmer and much less variable from October
1997 through January 1998 as compared to the same time period in 1998–99 and 1999–
2000 (Fig. 2A). Maximum in situ temperatures exceeded 28∞C for a 5 mo period from
mid-December 1997 through mid-May 1998, and reached 30∞C at times during March
and April. However, periodic cooling also occurred with greater intensity and frequency,
beginning in February 1998 and lasting throughout the periods of greatest maximum
temperature (Fig. 2A). Compared to the concurrent temperature data from a nearby site at
2 m depth (Fig. 2B), water temperatures at 15 m were more variable and sometimes
cooler, but attained similar maxima.
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Figure 2. Sea temperature at Devil’s Crown deep (15 m depth) study site (A) and shallow (2 m
depth) site (B). Note increase in temperatures and decrease in variance during the period October–
December 1998.

68

BULLETIN OF MARINE SCIENCE, VOL. 69, NO. 1, 2001

Table 2. Number of Diaseris individuals and Psammocora colonies with living tissue present in
quadrats.
Species and location Count method
Diaseris distorta,
Devil's Crown

# individuals under
crosshairs in 90
quadrats
Psammocora stellata, # colonies under
Devil's Crown
crosshairs in 90
quadrats
Psammocora stellata, # colonies per m2
Punta Espejo

Mar
1998
98

May
1998
59

Jun
1999
147

Aug
2000
43

Change
'98-'00
-56.1%

149

142

142

125

-16.1%

4.8
n = 90

6.1
n =168

-83.3%

36.3
5.4
n = 59 n = 103

Temperatures at Punta Espejo were generally warmer and less variable than at Devil’s
Crown. In particular, Punta Espejo (7 m) seasonal minima were higher than at both Devil’s
Crown shallow (2 m) and deep (15 m) sites by 2∞ to 5∞C, respectively (Fig. 3). Following
typical maxima in 1997 (January–May), temperatures at Punta Espejo never cooled below 25∞C, and were generally above 26∞C, until July 1998. A more normal cool season
ensued, with temperatures ranging from 20–26∞C in July through January 1998. During
peak ENSO warming in March and April 1998, temperature recorders documented 29–
31∞C at Punta Espejo. Onset of these values is not known since battery failure caused
data loss from late December 1997 through early March 1998.
Sea surface temperature data from Academy Bay (0–<0.5 m depth) document anomalously high values from March 1997 through June 1998 (Podestá and Glynn, this issue).
However, lower SST maxima were reported at Academy Bay (28–29∞C) than those reported at either the Devil’s Crown or Punta Espejo study site (February through May
1998, Figs. 2,3).
CORAL POPULATION DENSITY.—The numbers of individuals and colonies varied among
coral species during the 29 mo survey period (Table 2). Diaseris numbers at the Devil’s
Crown site increased 150% from initial levels (March 1998) by June 1999. A dramatic
decrease then occurred in the survey plots during the following year (August 2000) for a
net decrease of 56.1% over the entire survey period.
Numbers of Psammocora colonies at Devil’s Crown remained relatively constant. In
contrast, the Psammocora population at Punta Espejo showed dramatic density decreases
in live colonies (net 83.3% over the survey period) from an average of 36.3 colonies m–2
(2.27 per 0.25 ¥ 0.25 m quadrat) to 6.1 colonies m–2 (0.38 per 0.25 ¥ 0.25 m quadrat).
Reef-building corals located in shallower water were not included in the surveys because
they were not present on the rubble substrata where Psammocora was found. See Glynn
et al. (this issue) for a synopsis of the reef-building coral condition at Punta Espejo.
CORAL CONDITION.—Devil’s Crown.—Diaseris individuals responded dramatically during ENSO. On 4 March 1998, 100% of the fungiid polyps (n = 98) were either pale (50%)
or bleached (50%) (Fig. 4). Bleaching had increased to 88.1% of all polyps by May 1998
(n = 59), with the remaining 11.9% pale (Table 3). Approximately 13 mo later (June
1999), all Diaseris individuals (n = 147) had regained normal pigmentation and were
again pigmented during the August 2000 survey (n = 43).
Diaseris individuals in deeper water responded differently. All individuals at 33 m
depth had retained nearly normal pigmentation during the May 1998 observations. While
swimming west into shallower water, however, the incidence of bleaching increased. At
25 m depth, 5% of the polyps were bleached, but by 16.5 m, most individuals were bleached
stark white.
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Figure 3. Sea temperature at Punta Espejo, Marchena Island shallow (7 m depth) study site. Note
increase in temperatures and decrease in variance during the period November–December 1998.

Table 3. Coral condition at the three study sites, Galápagos Islands, Ecuador. Values at Devil's
Crown for Diaseris distorta and Psammocora stellata are the average number of
individuals/colonies displaying each condition. Values at Punta Espejo and Academy Bay for
Psammocora stellata and Pavona clavus are the average amount of each colony surface displaying
each condition.
Location
Devil's
Crown

Punta
Espejo

Academy
Bay

Species

Coral
Mar
condition 1998
Diaseris distorta
Bleached
50.0%
n = 90 quadrats each Pale
50.0%
date
Pigmented

May
1998
88.1%
11.9%

Psammocora stellata Bleached
11.1%
n = 90 quadrats each Pale
79.2%
date
Pigmented 10.7%

6.3%
12.5%
66.2%

Psammocora stellata Dead
n = 59, 103, 90, 168 Bleached
86.7%
quadrats
Pigmented 13.3%

72.4%
27.6%

Pavona clavus
n = 30, 40, 35, 40
colonies

25.0%
42.0%
33.0%

Dead
Bleached
100%
Pigmented

Jun
1999

Aug
2000

100%

100%

100%

100%

38.0%

50.8%

62.0%

49.2%

29.0%

39.3%

71.0%

60.7%
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Figure 4. A dense aggregation of pale and bleached Diaseris distorta individuals at the Devil’s
Crown deep (15 m) study site, March 1998. The largest individuals have maximum widths of 4–5
cm.

Though not surveyed quantitatively, the fungiid C. curvata also displayed pigment loss
and partial bleaching in March and May 1998. The tissue on the less exposed ﬂanks of the
strongly convex skeleton typically retained pigment, while the oral surface (usually facing upward) bleached white. Normal pigmentation was observed in this species in both
June 1999 and August 2000.
The tissues of Psammocora colonies at Devil’s Crown most often responded as an
entire colony, contrasting the response at Punta Espejo where colonies of this species
exhibited varied response categories. At Devil’s Crown, only 11.1% of all colonies (n =
149) had bleached by March 1998 and 79.0% had lost pigment and were pale (Fig. 5).
Bleaching and paling were reduced to 6.3% and 11.9%, respectively, in May (n = 142,
Table 3). Thirteen months later in June, normal pigmentation returned in all colonies (n =
142) and was still evident in August 2000 (n = 125).
Punta Espejo.—Psammocora abundance (Table 2) and amount of live tissue cover
(Table 3) dramatically decreased at this site after bleaching affected an average of 86.7%
of each colony in March 1998. By May 1998, an average of 72.4% of each Psammocora
colony was dead with all remaining colonies bleached. Some recovery occurred by June
1999, when only a mean of 38.0% of each colony was still dead. Partial mortality increased to 50.8% of the coral surface by August 2000.
During surveys in 1994, 1996 and 1997 at Punta Espejo, an extensive ﬁeld of
Psammocora was observed in 7–8 m depth adjacent to the study site. These corals were
often in contact with each other and scattered colonies of P. lobata. After population
decreases following ENSO, few living Psammocora colonies remained, and survivors
had much less tissue than before the disturbance. Many of the massive corals remained
alive, some with partial mortality (see Glynn et al., this issue).
Academy Bay.—All colonies of P. clavus bleached stark white by March 1998 at the
Academy Bay site, however, only 42.0% of the colonies remained bleached by May 1998
(Table 3, Fig. 6). Pigment continued to return for the next several months reducing aver-
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Figure 5. A pale Psammocora stellata colony (left side) next to a bleached Diaseris individual
(right side) at the Devil’s Crown deep (15 m) study site, March 1998. Picture width is 7 cm.

age bleached area to 3.0% in July 1998. Prior to ENSO 1997–98, long-term observations
(since 1989) revealed no visible mortality within this study population (pers. observ.). By
late May 1998, partial colony mortality was 34.0%. Coral tissue re-growth decreased
dead portions to 13.3% by July 1998, but it increased again to 20.7% by August 1998.
Mortality then continued to rise, decreasing live tissue cover. By June 1999, 29.0% of the
colonies were dead and this increased to 39.3% by August 2000. The decrease in average

Figure 6. The mean percent of Pavona clavus colonies (n = 30 to 40) in each of three conditions
(dead, bleached or pigmented), 1.5 m depth, Academy Bay, Santa Cruz Island. The decrease in
pigmented tissue cover from August 1998 to August 2000 was significant (t'-test; n = 30, 40; P <<
0.001).
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Figure 7. Partially bleached and recovering Pavona clavus colonies with partial mortality of upper
surfaces in the Academy Bay shallow (1.5 m) site, May 1998. Note filamentous and turf algal
overgrowth on the dead portions of colonies. The colony in the left foreground is approximately 20
cm in height. The spines of two Eucidaris galapagensis sea urchins are visible behind this colony
and a holothurian is feeding in the sediment substratum directly in front of the colony.

pigmented tissue cover from August 1998 to August 2000 was signiﬁcant (t'-test; n = 30,
40; P << 0.001).
During recovery (May 1998), surviving bleached P. clavus exhibited splotches of pale
pigment visible on otherwise stark white colonies (Fig. 7). Splotches varied from less
than a millimeter to several centimeters in diameter and had clearly deﬁned borders. In
May 1998, ﬁlamentous algae overgrew dead portions of colonies; therefore the ‘dead’
category is synonymous with algal cover. Algal cover on corals showed an initial decrease from May–July 1998, but then increased from July 1998 to August 2000. On this
last survey date, algal cover was being maintained as lawns by the damselﬁsh Stegastes
arcifrons (Heller and Snodgrass).
DISCUSSION
SEA WATER TEMPERATURE.—Elevation of eastern Paciﬁc sea surface temperature (SST)
is one of the hallmarks of El Niño–Southern Oscillation. Positive SST anomalies in the
Galápagos Archipelago began in March 1997 and exceeded 4∞C from July through December 1997 (Podestá and Glynn, this issue). Temperature data from the study sites documented elevated temperatures during this ENSO period with ENSO warming onset in
May 1997, persisting for 14 mo through July 1998. Peak temperatures during March and
April 1998 coincided with the most severe coral bleaching at the study sites.
In comparisons between in situ temperature recorders and advanced very high resolution radiometer (AVHRR) satellite data, Wellington et al. (this issue) determined that
differences between mean monthly SSTs were highest (+1.39∞C) in deeper (10 m) sites.
Residuals were less (+0.04∞ to –0.62∞C) in shallower (<3 m depth) locations in the archipelago. This suggests that remotely sensed satellite sea surface temperature data may be
useful for documenting environmental conditions in shallow benthic communities, but
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not for those in deeper water, such as those at Devil’s Crown. In addition, in situ data
from this study provide detailed variations that occur over small spatial scales and short
time periods.
Shallow (2 m) temperatures at Devil’s Crown were higher and less variable than those
recorded at the deep site (15 m). This decreased variability is unusual since shallow waters interact directly with the atmosphere and are subject to diurnal solar warming. Thus
greater ﬂuctuations in temperature would be expected. Proximity to the mixed layer overlying the thermocline may cause temperature variation at the deep site (Feingold, 1995).
Internal tides may lift the mixed layer so that cooler water ﬂushes across the Diaseris and
Psammocora coral community.
Periodic exposure to cool conditions during sea warming events may decrease bleaching severity (Feingold, 1995; Lichter and Miller, 1999). This is consistent with the gradient of Diaseris bleaching observed from 33 m to 15 m depths. In the deepest area, Diaseris
was pale to normally pigmented, but by 16.5 m depth most individuals were bleached.
Interactions of visible light and/or UV irradiance and temperature were also probably
minimized in deeper water (Jokiel, 1980; Brown, 1997).
Decreased temperature variability during sea warming, observed from late October
through December 1997 at Devil’s Crown, may have initiated pigment loss that led to
bleaching when temperatures peaked in March and April 1998. This decreased variability
may be associated with the passage of a Kelvin wave, depressing the thermocline and
reducing mixing with cool, deeper water (Enﬁeld, 1989; Philander, 1990). This was evident in the deepening of the 20∞C isotherm in the vicinity of the Galápagos Islands from
December 1997 to January 1998 (Fig. T15, Climate Diagnostics Bulletin, 1998).
Galápagos sea temperatures are generally cooler than those in other areas of the eastern
tropical Paciﬁc (Podestá and Glynn, 1997) and the corals that reside there have acclimatized to cooler conditions. They may be susceptible to stress at lower elevated temperature thresholds (Coles et al., 1976; D’Croz et al., this issue). Also, greater temperature
anomalies occur in the Galápagos Islands than in other eastern Paciﬁc areas and were
associated with severe mortality in Galápagos corals during the 1982–83 ENSO event
(Glynn et al., 1988). The survivors of that high thermal stress event and their progeny
may be better adapted to elevated temperature exposure than the colonies that died.
CORAL POPULATION DENSITY.—Glynn and Wellington (1983) and Robinson (1985) reported that dense aggregations of Diaseris (=Cycloseris) were present at Devil’s Crown
before and after the 1982–83 ENSO. Although approximately 88% of the Diaseris population bleached during the 1997-98 event, individuals regained 100% pigmentation by
the following year (June 1999). While no tissue or polyp mortality was observed, it is
possible that some individuals died but were not detected.
Large ﬂuctuations in population numbers of Diaseris over the survey period (1998–
2000) may have resulted more from polyp movement than mortality associated with secondary ENSO-related effects. Diaseris numbers increased 150% from March 1998 to
June 1999, clearly indicating that large numbers of this fungiid survived ENSO-related
sea warming. The large decline in population the following year may have been due to
anomalously strong ENSO-associated currents and surge, similar to those reported by
Robinson (1985), moving Diaseris out of the study area. As a free-living mobile species,
like many fungiids, Diaseris is capable of independent movement, whereby coenosarc
tissues can be inﬂated to rise out of the sediments and even turn over (Hubbard, 1972;
Hoeksema, 1988). In a search for the main population concentration, a dense aggregation
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of Diaseris was found as close as 10 m to the east and southeast of the study site in 1999
and 2000. This population extended at least several hundred meters farther away. It was
also noted that a D. distorta community off La Paz, México (Gulf of California) apparently moves in mass due to high current velocity (Reyes Bonilla, pers. comm.). In consideration of these observations, although coral population density decreased dramatically
from 1998 to 2000, this decrease was not related to sea warming associated with the
1997–98 ENSO. While the ﬁxed transects allowed monitoring of high-density Diaseris
cover from 1992–1999, they were not entirely effective for this study.
Relatively stable numbers of Psammocora at Devil’s Crown over the study period indicated that mortality was at a minimum and that currents did not substantially move these
corals. Although they are free-living coraliths, due to their branching shape (like dolosi or
jacks) and greater density and size, Psammocora colonies are more ﬁrmly anchored to
the substrata than Diaseris individuals.
In contrast, numbers of Psammocora colonies decreased dramatically (-83.3%) at Punta
Espejo. Initial reduction occurred just after the peak of ENSO-related warming from
March to May 1998. The numbers of colonies m-2 decreased from 36.3 to 5.4 in 2 mo and
remained at this lower level for the following 2 yrs. Since Psammocora is considered to
be resistant to elevated temperature exposure (Feingold, 1995, 1996; Maté, 1977), this
ﬁeld response was unexpected.
Many corals affected by the 1997–98 ENSO likely survived similar elevated temperature conditions during 1982–83. At Devil’s Crown, Psammocora growth rates are between 3.0 and 15.6 mm yr–1 (Feingold, 1995), therefore, 7 cm diameter colonies would
likely be 4.5 to 15 yr old. Diaseris growth rates at the same location are between 2.3–7.6
mm yr–1 and therefore polyps 5 cm in diameter may be 7 to 15 yr of age (Feingold, 1995).
Since Diaseris is capable of autonomous fragmentation (Yamashiro et al., 1989; Colley
et al, in press), individuals may be much older than their size indicates. This method of
asexual reproduction leads to large populations of similar genetic structure. This means
that genetic variability within the study community is probably very limited (Colley et
al., in press), and that locally adapted individuals are capable of self-propagation.
CORAL CONDITION.—Varying patterns of bleaching, mortality and recovery were observed among species and sites. Although thermal tolerance experiments demonstrated
that D. distorta is more sensitive to temperature elevation than P. stellata (Feingold, 1995),
lower overall mortality was experienced at the Devil’s Crown site where Diaseris is located, probably because cooler, more variable water temperatures were experienced there.
Due to its deeper location, less exposure to ultraviolet and photosynthetically active radiation may also have played a mitigating role at this site (Coles and Jokiel, 1978; Brown,
1997).
Diaseris distorta (=Cycloseris mexicana) reportedly suffered no mortality during the
1982–83 ENSO event even though all individuals bleached (Robinson, 1985). This is
consistent with ﬁeld observations performed during this study. Although recent mortality
was not assessed, observations suggest that there was little or no mortality associated
with the 1997–98 event as well. It is known that Diaseris is capable of surviving extended periods in the bleached state. This species survived bleached for >90 d during
recovery following experimentally elevated temperature exposure. No mortality was experienced and all corals regained pigmentation (Feingold, 1995). The pattern of Diaseris
bleaching in the ﬁeld during 1997–98 suggested that some individuals might have remained in a bleached condition in excess of 60 d.
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Psammocora spp. are more resistant to bleaching than other branching and massive
Galápagos species (Glynn, 1990a; Feingold, 1995; Maté, 1997). Consistent with ﬁeld
observations in 1997–98, Psammocora did not bleach at Devil’s Crown during the 1982–
83 ENSO (Robinson, 1985). However, at Punta Espejo, bleaching and mortality caused a
marked reduction in numbers of colonies and cover for Psammocora. Warmer, more prolonged sea temperatures without periodic cooling probably caused unfavorable conditions at this site.
P. clavus colonies bleached at the shallow Academy Bay site (1.5 m) with similar timing as Diaseris (March 1998). Pigment recovery was unique, occurring on different spatial and temporal scales on the living surface. Several sites of recovery were initiated on
each colony, indicating that either remnant endosymbionts spread from a localized source
within coral tissues or that reinfection took place directly from the water column (Kinzie
et al., 2001).
Following initial partial mortality of Pavona at Academy Bay, dead portions of skeleton, primarily on upper surfaces of lobate heads, became colonized by ﬁlamentous algae. This algal cover persisted and increased through August 2000 when most became
tended as lawns by the damselﬁsh S. arcifrons. The maintenance of lawns by damselﬁsh
has been shown to cause secondary mortality to corals (Wellington, 1982; Glynn, 1990b),
so future monitoring of this site will be performed to document possible further degradation of coral cover.
In conclusion, three coral communities in three environmentally diverse locations within
the Galápagos Archipelago displayed different responses to ENSO-related environmental perturbations. At Devil’s Crown, Floreana Island, deep-living corals were subjected to
less sea warming than corals at the two shallower sites at Punta Espejo, Marchena Island
and Academy Bay, Santa Cruz Island. Despite the cooler conditions, D. distorta bleached
at 15 m, but did not bleach as severely in deeper (25–33 m), presumably cooler water.
Contrasting the resistance to bleaching at Devil’s Crown, and as reported by others in this
issue, P. stellata at Punta Espejo in shallower water (7 m) under warmer conditions suffered bleaching and mortality resulting in decreased colony densities. Patterns of bleaching at Devil’s Crown for Diaseris and P. stellata mimicked those reported by Robinson
(1985) in 1982–83 during the last very strong ENSO event, and both species survived.
However, population densities of Diaseris have decreased from June 1999 through August 2000—attributed to displacement by water motion rather than delayed ENSO-related mortality. Lastly, the P. clavus colonies at Academy Bay at 1.5 m depth bleached,
and mostly recovered. Partial mortality of P. clavus occurred primarily on upper surfaces
and has increased during the 2 yrs following the warming anomalies, most likely due to
ﬁlamentous and turf algal overgrowth. Hopefully, the capacity of coral survival and recovery will allow a continuation of coral communities in the Galápagos Islands.
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